| INTRODUC TI ON
Gastrulation of the early vertebrate embryo is accomplished via an orchestrated process of lineage specification and morphogenetic cell movement to generate and emplace the tissue progenitors in the primary germ layers that are the building blocks of the embryo.
The allocation of tissue progenitors in the coordinated spatial and temporal pattern is critical for the establishment of the basic body plan that paves the way for morphogenetic tissue interaction and the execution of the genetic program for organogenesis and formation of major body parts. The activity of the transcription factors (TFs) underpins the specification of lineage fates of the multipotent cell population and the inductive interaction among the diverse tissue progenitors in the gastrula (Davidson, 2010) . The combinatorial activity of the TF regulatory networks, which is integrated in the temporal context, further highlights the attributes of molecular determinants that regulate the transition from multipotency to lineage differentiation of the embryonic cells (e.g. the epiblast) and the embryo-derived stem cells (e.g. embryonic stem cells and epiblast stem cells) and the reprogramming of somatic cells to pluripotency (Niwa, 2014 (Niwa, , 2018 Smith, Sindhu, & Meissner, 2016; Tang, Peng, Qiao, Song, & Jing 2015) .
The genome-wide expression pattern of TFs indicates that there are distinctive and coordinated switches in the transcription activity underlining gastrulation and organogenesis (Mitiku & Baker, 2007) .
As the expression of TFs is partitioned and regionalized spatially, a correlation of TF activity and cell fates would necessitate the profiling of TF activity be undertaken in a dynamic stage-and positionwise context. To this end, we have documented a spatially resolved transcriptome of the mid-gastrulation mouse embryo, pinpointing the TF profiles that correlate with the anterior-posterior patterning, in terms of lineage allocation, upstream and targeted transcriptional activity and signaling landscape of the epiblast (Peng et al., 2016) .
However, an in-depth understanding of the connectivity of TF activity and embryonic patterning requires the incorporation of the temporal dimension into the spatial transcriptome of the germ layers. In this study, we documented the developmental-spatial transcriptome of the TF activity in spatially registered cell populations across developmental stages to glean insights into the patterning of the epiblast during mouse gastrulation.
| MATERIAL AND ME THODS

| Spatial transcriptome analysis
Geo-seq analysis of gastrulation embryo was performed as previously described (Chen et al., 2017; Peng et al., 2016) . Briefly, whole decidua containing the embryo was embedded in OCT (Leica Microsystems, cat. no. 020108926 ) and cryo-sectioned serially at a thickness of 15 μm (E6.5 and E7.0) or 20 μm (E7.5) along the embryo (distal)-extraembryonic (proximal) axis of the decidua ( Figure 1a ). Cryo-sections were mounted on polyethylene terephthalate-coated slides, fixed immediately by 100% ethanol and stained with 1% cresyl violet acetate in 75% ethanol solution.
Laser microdissection was performed using MMI Cellcut Plus system (Zurich, Switzerland) to capture cell populations around 20-40 cells at defined positions in the section (Figure 1a) . Samples of E7.0 epiblast stage (Peng et al., 2016) and those of E6.5 epiblast and E7.5 ectoderm were collected. A low-input RNA-seq protocol was used for the preparation of cell samples for mRNA-seq. The sequencing was performed on illumine Hiseq 2500 platform at 120 PE modes (Berry Genomics, Beijing, China) to obtain at least 5M clean reads per sample.
| Sequencing data pre-processing
Pre-processing of RNA-seq data followed the protocol of Peng et al. (2016) . The sequencing quality of raw sequencing data was evaluated by FASTQC. Tophat2 (Kim et al., 2013) was used to map sequencing reads to mm10 genome with the following parameters, -g 1 -N 4 -read-edit-dist 4 -microexon-search -G annotation.GTF.
Mapping ratio was calculated based on the number of mapped reads and total reads for each sample. All mapped reads were processed by Cufflinks to quantify gene expression levels (measured by FPKM, Fragment Per Kilobase per Million) using default parameters. For each sample, expressed genes, with FPKM > 1 in at least two samples across all samples, were selected for further analysis. Expression data of individual genes or gene groups were displayed in corn plots (Peng et al., 2016) .
| Identification of differentially expressed genes and clustering analysis
For the epiblast or ectoderm of individual E6.5, E7.0 and E7.5 embryos, the differentially expressed genes (DEGs) were identified as follows: (a) calculate the variance of each expressed gene across all samples and select the top 5,000 genes as high variable genes; (b) perform hierarchical clustering with correlation distance metric based on z-score normalized expression of high variable genes to identify preliminary domains according to distinctly separated dendrogram; (c) identify inter-domain differentially expressed genes based on original expression of high variable genes by pairwise comparisons of preliminary domains using t-test (with 10,000 permutations, P < 0.05 for E6.5 embryo, and P < 0.01 for E7.0 and E7.5 embryos) and fold change (FC, FC > 2 or FC < 0.5), with the resultant gene sets taken as the DEGs. BIC-SKmeans algorithm was used to determine the optimal number of gene groups and perform clustering analysis. Hierarchical clustering with the same parameters as above is used to determine the spatial expression domains based on the expression profile of DEGs.
| Transcription factor (TF) analysis
Transcription factors (TFs) were extracted from Animal TFs (Zhang et al., 2012) and RIKEN databases (Kanamori et al., 2004) . To build TFs co-expression network in individual embryos, genes encoding TFs were selected from DEGs that showed FPKM > 5.0 in at least two samples. CSI scores (Fuxman Bass et al., 2013) of any two TFs were calculated based on their pairwise expression PCC. Different TF cliques were identified based on hierarchical clustering of CSI matrix, and the corn plot of each clique was constructed to visualize the spatial pattern. Finally, genes of the top 10% of CSI score as cutoff were collated to build and visualize the TF co-expression network, with the width of edge in network represents CSI score. To show the anti-correlation of TFs in network, the signs of PCC for TFs were added as the attribution of edges. For TF co-expression network in the combined set of E6.5-E7.5 embryos, TFs were selected from the signature genes in cell samples of all embryos, and the same To verify the fidelity of the embryonic staging of the samples, the expression domain of a primitive streak-related gene, Mixl1, was mapped to the epiblast and the ectoderm to visualize the development of the primitive streak (Figure 1b) . The results showed that expression domain of Mixl1 in the posterior epiblast and ectoderm of the E6.5-E7.5 source embryos correlated with the expected proximal-to-distal size of the nascent primitive streak of the early-streak embryo (E6.5), the extending primitive streak of the late mid-streak embryo (E7.0) and the full-length primitive streak of the late-streak/no-bud stage embryo (E7.5) (Robb et al., 2000) .
Transcripts of an ectoderm-related gene, Otx2, were detected first in the proximal part of E6.5 epiblast and later consolidated to the E7.0 anterior epiblast and the E7.5 anterior ectoderm (Figure 1b ; Kurokawa et al., 2004; Ip, Fossat, Jones, Lamonerie, & Tam, 2014) .
The restriction of Otx2 expression to the anterior cell populations and Mixl1 expression to the posterior epiblast validated the accuracy of laser microdissection capture of cell population for the transcriptome analysis. It was shown previously that the spatial and temporal transcriptome recapitulates faithfully the spatial pattern of gene expression in the germ layers that is revealed by conventional whole mount in situ hybridization. Furthermore, the dynamic profile of expression can be inferred from the quasi-quantitative measure of gene expression level based on the transcript reads (Peng et al., 2016) . In the present study, we focused on the developmental profile of co-expression network of transcription factors in the epiblast/ectoderm and the connectivity of the transcriptional activity to the regionalization of cell fates and the trajectory of progenitor populations in the epiblast during gastrulation.
| The dynamics of transcription factor expression domains in the epiblast/ectoderm
To evaluate the relationship of transcription factor network activity and tissue patterning in the epiblast, Connection Specificity Index analysis has revealed region-specific TF activity that may correlate with the regionalization of ectoderm populations during gastrulation. However, our previous transcriptome study on E7.0 epiblast revealed that the predominant function of the all transcription factor (ATFs) cliques is related to metabolism and cell cycle, with a small subset of TFs that are relevant to lineage development and tissue patterning.
| Expression profile of developmentrelated transcription factors further defines the segregation of epiblast cell populations
Transcription factors that display restricted expression in a specific developmental timepoint may account for the spatial and temporal deployment of TF genes, thereon mediating cell fate determination (Bernadskaya & Christiaen, 2016) . Based on this premise, development-related TFs (DTFs: TFs with "development" gene ontology terms in the transcription factor database, see Methods) were collated and unsupervised clustering analysis was performed on the differentially expressed DTFs.
In the E6.5 epiblast, two DTF clusters (DTCs) showed regionalized expression in the posterior epiblast (DTC1, e.g. T, Mixl1, Sp5, Lhx1) and the anterior epiblast (DTC3, e.g. Sox2, Pou3f1, Foxd3), and one DTC group in both domains (DTC2, e.g. Pbx2 and Erf) (Figure 3a) . CSI network analysis showed that DTC1 and DTC3 expression was negatively correlated, highlighting the anterior-posterior patterning of the E6.5 epiblast. Of note, no development-related DTF group was expressed in the E6.5 distal region, suggesting that the distal epiblast cells may yet to initiate cell fate specification.
In the E7.0 epiblast, four DTC domains were identified (Figure 3b ). In the E7.5 ectoderm, five DTF cliques can be delineated (Figure 3c ): DTC11 in the anterior ectoderm, DTC8 in the posterior ectoderm (and the primitive streak), DTC10 in the distal lateral ectoderm, DTC12 in the ectoderm at the embryo-extraembryonic interface and DTC9 in the anterior and posterior ectoderm but low in the lateral ectoderm. BMP signaling targets, such as Id1, Msx2 and Grhl2, were found in DTC11, indicating the acquisition of surface ectoderm fate. Importantly, Pou3f1 and Sox2 emerged as two nodes connecting the anterior and posterior cliques, respectively, at all stages, suggesting that they may be key factors for driving lineage divergence between the anterior and posterior epiblast (Zhu et al., 2014) . The analysis of the expression domains of development-related TFs thus allowed the tentative assignment of lineage fate to five cell populations of the E7.5 ectoderm, which broadly aligned with the prospective fate of the ectoderm cells identified by fate-mapping studies (Tam, 1989) .
| Constructing the developmental trajectory of epiblast populations during gastrulation
To construct the genealogy of the epiblast cell populations based on the proximity and continuity of signature transcriptional activity, we collated the expression profiles of the DTFs common to sub-populations of epiblast/ectoderm cells across three stages of gastrulation into genealogy-related TF (GTC) groups. Five GTC groups (1-3, 5 and 6) that interacted either positively (cooperative) or negatively (counteracting) were expressed in discrete epiblast cell populations, and a stand-alone GTC group (4) was widely expressed in the epiblast and ectoderm (Figures 4a-c) . Among the genealogyrelated TFs, the predominant types (constituted 36.5% of TFs) were HOX homeotic factors, zinc-finger proteins, basic helix-loop-helix factors and forkhead proteins, which were enriched in GTC1 and GTC6 groups (Supporting Information Table S1 ). Well-known TFs such as Id2, Hes1, T, Pou3f1, Gsc, Sox2 and Dnmt3a were identified as the nodes of the five interacting networks. GTC1, comprising members such as Id1 and Msx1/2, was expressed in the proximal epiblast/ectoderm which may be associated with the development of the surface ectoderm (Figure 4c-GTC1 ). GTC3, which was expressed widely initially at E6.5, receded to the anterior and lateral epiblast at E7.0 and then proximally by E7.5 (Figure 4c-GTC3 ). This GTC contained neuroectodermal-related genes, including Six3, Otx2, Sox2, Pou3f1, Sox1 and Hesx1, suggesting that GTC3 was involved with the allocation of the neural progenitors. Additionally, this GTC showed significant negative correlation with (i.e., functionally divergent from) GTC6 in the posterior ectoderm, reinforcing the concept that these TFs were deployed for anterior patterning. GTC6, with the most numerous membership including the primitive streak marker genes such as T, Snai1, Mixl1, Meox1 and the novel candidates: Evx1, Msgn1, Etv1, Cited1 and Sp5, displayed a dynamic spatial expression pattern, extending from proximal posterior epiblast at E6.5 to the distal posterior epiblast at E7.5 (Figure 4c-GTC6) . Importantly, GTC6 also featured the segmental patterning genes, the Hoxa and Hoxb family members, consistent with the role of these TFs in specifying the anteroposterior identity of the axial and paraxial tissues (Forlani, Lawson, & Deschamps, 2003; Iimura & Pourquié, 2006) . Two GTF clusters (GTC2 and GTC5) were expressed first in the posterior E6.5 epiblast and progressively expanded their transcription domain. Nkx1-2
Hoxb2
Irx5 Cdx1 (Figure 4c-GTC1) . The E7.5 distal lateral ectoderm, originating from the E6.5 and E7.0 posterior epiblast, was first located in the E7.0 proximal-lateral epiblast and subsequently relocated to the distal lateral ectoderm (Figure 4c-GTC2 ). GTC3 marked the E6.5 proximal epiblast that was related to the E7.0 anterior and distal 2/3 of the lateral epiblast, and next to the E7.5 proximal anterior and lateral ectoderm (Figure 4c-GTC3 ).
The expression of GTC5 and GTC6 showed that the E6.5 proximal posterior epiblast was related to the E7.0 proximal half of the posterior epiblast (and the primitive streak), and the E7.5 primitive streak proper and the distal lateral ectoderm (Figure 4c-GTC5 and GTC6 ).
The GTC5 expressing E7.5 population overlapped with another population also originating from the posterior epiblast but taking a detour through the E7.0 proximal-lateral epiblast (Figure 4c-GTC2 ).
Matching the E7.5 GTC expressing cell populations with the fate map of E7.5 ectoderm generated by fate-mapping or lineage tracing studies (Figure 4d) showed that the GTC1, GTC3, GTC2/5 and GTC6 populations are likely to be the progenitors of surface ectoderm, forebrain, mid-brain to spinal cord and the mesendoderm/primitive streak, respectively. The analysis of the spatial transcriptome of development-related transcription factors hence generated a series of molecular maps that depicted the developmental trajectory of four major progenitor populations during gastrulation that was not previously identified by conventional fate mapping.
| Molecular annotation of gastrulation
Gastrulation involves cell fate changes and tissue organization in the germ layers (Arnold & Robertson, 2009; Pfister, Steiner, & Tam, 2007; Solnica-Krezel & Sepich, 2012) . Fate mapping results indicate that the developmental plasticity is wired into the epiblast cells through integrating extrinsic cues, for example, morphogens or signaling molecules, and intrinsic programs, for example, activity of transcription factors (Arnold & Robertson, 2009 ). The activity of lineage-related TFs can lead to specification of lineage fate during germ layer formation , and trans-differentiation and reprogramming of somatic cells (Chen et al., 2008; Macarthur, Ma'ayan, & Lemischka, 2009; Rackham et al., 2016; Smith et al., 2016; Theunissen & Jaenisch, 2014; Xu, Du, & Deng, 2015) .
Molecular characterization of cell identity and the annotation of cell fates have been conventionally conducted by the gene-by-gene approach. Through traditional knockout and mutant mice analysis, knowledge has been gleaned for a multitude of TFs that temporally and spatially regulate lineage specification, embryonic polarity, the patterning of tissue progenitors and the morphogenetic movement of cells and tissues during gastrulation (Pfister et al., 2007; Tam & Behringer, 1997; Tam & Loebel, 2007; Tam, Loebel, & Tanaka, 2006) . Going forward, the collation of comprehensive omics information on the molecular activities underlying this complex developmental process would facilitate deciphering the molecular mechanism of germ layer formation and lineage allocation. In the present discourse, we systematically surveyed the spatial transcriptome during mouse gastrulation and showed that the regionalization of tissue progenitors aligned with the partitioning of the TF regulatory network in the epiblast. The genome-wide profiling of TF activity at key developmental timepoints will provide a rich resource and identify informative entry points for in-depth elucidation of the function of the TF regulatory networks in germ layer specification and lineage differentiation.
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